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  Height- diameter relationship for Acacia seyal and Balanites aegyptiaca 
growing at Tozi Natural Forest Reserve, Sudan     
Nafisa  Mahdi   Osman Ahmed 
                                                ABSTRACT 
 This study was conducted during 2011 in Tozi Natural Forest Reserve.  A 
total of 4428 trees of Acacia seyal and 2405 trees of Balanites aegyptiaca 
were selected as the most important tree species in Tozi Natural Forest 
Reserve.  Data were collected by using systematic circular sample plots 
system,   where diameters of all trees, in each circular sample plot, were 
measured.  The total heights of six trees from the two species mentioned 
above in each sample plot were measured. Seven linear regression equations 
and four non-linear regression equations were used for studying the 
relationship between diameter and height.     
The models were fitted by these regression equations using Gauss-Newton’s 
iteration method,and the residual plots were attained. To compare the 
efficiency of fitting the models to observed data, the mean squared error and 
coefficient of determination   were computed. The seven equations were 
firstly fitted for Acacia seyal data. The R2 value was very low (ranging 
between 0.12 and 0.34).  Where these equations were fitted to Balanites 
aegyptiaca tress, the R2 remained low (ranging between 0.36 and 0.47).  
Thereafter, the four non linear regression equations were fitted for the two 
species using the same method.  The results revealed that these equations are 
well fitted to the data of both tree species as the R2 was very high (ranging 
between 0.92 and 0.93). This indicates that these equations are well suited to 
describe the relationship between total height and diameter, and accordingly 
it is possible to predict the value of the total height when the diameter at 
breast height is known.  

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                                             CHAPTER ONE 
Introduction 
1.1. Background: 
Forest land is an important contributor to the quality of life. Forests provide 
wood and other forest products, watershed protection, wildlife habitat and 
biodiversity, recreation and much more. Stewardship of forest resources will 
ensure these benefits now and in the future. 
Timber land is physically capable of growing timber crops and is potentially 
available for harvesting. Noncommercial forest land includes reserved forest 
lands, unproductive forests, and urban forests. Management for timber on 
these lands is administratively restricted or economically impractical. In 
forestry planning and assessment of the sustainability of forestry production, 
it is vital to know how much forests are growing. 
Tree is the main component of the forest, it is the largest one and it has great 
values. 
1.2. Forest tree Growth 
Knowing how forest trees grow can help foresters to predict yields, and 
understand how different trees might be affected by environment stresses.  
Understanding growing cycle of different trees will help the forester to 
decide when and how to plant, thin and prune trees to increase wood 
production. Forest trees grow in both height and diameter.  Trees grow 
taller-and branches longer-because of the division of cells at the tip of 
branches; in  contrast, the diameter of woody parts of trees increases as a 
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result of cell division in a layer located between the bark and wood, this 
layer is called the cambium (Kramer and Kozlowski,1979). 
Trees species vary widely in their growth patterns. They vary in crown form, 
ultimate size, longevity and branches habits, and in the growth rates of roots, 
stem and leaves.  Growth patterns differ between temperate-zone and 
tropical tree species, evergreen and deciduous tree species, and in different 
parts of the same tree (Kramer and Kozlowski, 1979). 
1.2.1. Height Growth: 
Species vary in the duration of their seasonal height growth.  In species with 
fixed growth, the winter bud contains shoots which are formed late in the 
growing season of one year and then expand during the following year, and 
height growth and branch elongation occur relatively rapidly.  In species 
with free growth, some of the buds contain some shoots that are partially 
formed.  In such species, leaves preformed in the bud one year expand the 
next year, but new leaves also form and expand as a stem and branch  
elongations.  Height growth and elongation of branches usually take much 
longer in species with free growth than in species with fixed growth (Kramer 
and Kozlowski, 1979). 
1.2.2. Diameter Growth: 
Trees grow in diameter because each year new layers of wood and inner 
bark are inserted between the previous year’s layer of wood and bark.  The 
new layers are produced by the division of cells in the cambium.   These 
cells divide to produce wood (xylem) cells toward the inside of the tree and 
living bark cells (phloem) toward the outside. The cambium produces more 
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wood than bark.  Bark cells eventually collapse and die and some of the old 
outer bark is shed.  Because of this mode of growth, a tree’s stem consists of 
annual increments of wood, one added on top of another.  People often use 
annual rings as a way to determine the age of a tree; but a tree may appear to 
be of different ages depending on where in the stem the rings are counted. 
There will be fewer rings higher on the tree than at its base.  Trees 
sometimes grow more on one side than another.  The annual rings of wood 
in a stem cross section result from variation in growth rate and differences in 
the kind of wood produced early and late in the growing season (Kramer and 
Kozlowski, 1979). 
  Growth refers to the increase in dimensions of one or more individuals in a 
forest stand over a given period of time (e.g. volume growth in m3 per ha per 
year).  Yield refers to their final dimensions at the end of a certain period 
(e.g. volume in m3 per ha).  In even-aged stands, a growth equation might 
predict the growth of diameter, basal area or volume in units per annum as a 
function of age and other stand characteristics, whereas a yield equation 
would predict the diameter, stand basal area or total volume production 
attained at a specified age.  In an uneven-aged stand, yield is the total 
production over a given time period, while growth is the rate of production. 
Growth and yield are related mathematically (if yield is y, growth is the 
derivative dy/dt) (Jerome, 1994). It is suggested that the term increment is 
suitable when describing changes in a tree dimension; while the term growth 
is more appropriate when describing changes in forest stands (Kariuki, 
2002).   
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1.2.3.  Forest Growing Stock:  
Growing stock is the sum - total of all trees - by number or volume of 
biomass, growing within a particular area of interest (FRA, 2005).  The 
information on growing stock is essential to understand dynamics of forest 
stands, their productive capacity and to manage their use within limits of 
sustainability defined by their dynamics of growth. 
Volume of all living trees more than a specific diameter at breast height (or 
above buttress if these are higher) is measured over bark from ground or 
stump height to a pre-specified top stem diameter, excluding or including 
branches to a minimum diameter, excluding smaller branches, twigs, foliage, 
flowers, seeds, stump and roots.  The growing stock of a certain tree species, 
considered as actually or potentially commercial under current market 
conditions, measured above a minimum   “X” cm diameter at breast height is 
known as the commercial growing stock.  It includes all potentially 
commercial (merchantable) species for domestic or international markets 
(FAO, 2004). volume of all living trees more than 10 cm in diameter at 
breast height (or above buttress if these are higher) measured over bark from 
ground or stump height to a top stem diameter of 10 cm, excluding or 
including branches to a certain minimum diameter.  It excludes smaller 
branches, twigs, foliage, flowers, seeds, stump and roots.   
Commercial growing stock is the part of the growing stock of species, 
considered as actually or potentially commercial under current market 
conditions, measured above a certain minimum diameter at breast height.  It 
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includes all potentially commercial (merchantable) species for domestic 
markets. (FAO, 2004). 
Since the yield of a tree stand is subject to great variability and dependent 
upon several factors, it is essential that these factors be properly taken into 
account before applying any yield prediction model.  The definition of what 
constitutes yield is of paramount importance.  This may be the volume of 
standing timber with or without bark, or the volume of all wood products 
including timber, pulpwood, poles, branch wood and small wood.  With the 
increasing degree of utilization, the common practice in tropical countries 
now is to measure all the wood products down to 5 cm in diameter. (Pandey, 
1983).   
The main factors which govern yield are: Productive capacity of the site, 
Stocking of the stand and silvicultural treatment given to the crop.   
Productive capacity of the site affects both the volume of production per unit 
of area and the age of maximum mean annual increment (MAI).  Poorer sites 
take a longer time to reach MAI culmination age as compared with a good 
site. 
The determination of productive potential of a site by direct method such as 
quantifying climates, soil properties and indicator plants, is not a common 
practice in tropical countries.  Instead, top-height/age relationship is used to 
determine site classification. (Pandey, 1983).   
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Stocking of the stand (number of stems per unit of area) also has a direct 
bearing on the yield.  A fully stocked stand has greater volume production 
than a poorly stocked one.  The number of stems per hectare in a fully 
stocked stand depends on the form and growth rate of tree species and also 
on the object of the plantation.  However, for maximum volume production, 
the number of stems per hectare for narrow-crowned species is generally 
more than for wide-crowned species.  When the number of stems per hectare 
increases beyond a specified limit, the growth of the trees is likely to be 
suffocated and a lower yield may result.  Very little research information is 
available about the optimum spacing/number of stems/hectare required for 
any species on a given site to produce maximum volume.  Stocking of the 
stand also affects the MAI culmination age on a given site. (Pandey, 1983).   
The traditional silvicultural treatments such as weeding, soil working, 
climber cutting and thinning play an important role in the establishment of 
the plantations and on the size and quality of the trees produced, but they 
have a relatively minor effect on the total yield.  In recent years the use of 
fertilizers and irrigation in plantations has attracted particular attention, 
however, and a greater yield of wood is expected (Pandey, 1983).  
Yield in the forest usually implies standing volume commercial timber, but 
can include non-timber products, but wood is the most important forest 
product and the management of natural forests is usually for wood 
production due to its economical value compared with the other forest 
products. Wright (1999).     
Yield regulation is a central concept in sustainable forest management.  The 
concept of yield regulation is simply conceived as the process by which the 
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objective of sustainable yield is translated into operational forestry practice 
via planning, monitoring and control Wright (1999).  Armitage (1998) states 
that:  “Yield regulation or allocation involves making decisions that lead to 
clear specifications of where and under what conditions a harvest may be cut 
using AAC (Annual allowable cut ) and technical information about a forest.  
It is a critically important part of sustainable tropical forest management”. 
1.2.4. Wood products - timber products: 
Timber is the main forest product from growing stock.  The international 
definition of timber volume agreed for the Global Forest Resources 
Assessment (2000) includes trees of all sizes, all stem wood and large 
branches, but excludes the stump.  The pre-existing UK definition excludes 
trees smaller than 7 cm diameter at breast height; excludes the part of the 
stem that is less than 7 cm diameter; it also excludes branches (except major 
forks), but includes the stump.  For this indicator, volumes were adjusted 
from UK definitions to the internationally agreed definitions.   
Long run sustainability requires the volume of growing stock to be 
maintained, so the gross annual increment in growing stock must exceed the 
volume harvested.  The volume of timber available for harvesting is forecast 
to increase over the next 20 years.  Annual increment is also increasing, as 
many plantations are in a period of rapid volume growth during the years 
before harvesting. 
 The general argument for natural forest management (NFM) for timber is 
that, by conferring relatively more economic value on forests than 
alternative forest uses.  NFM for timber is necessary, though imperfect 
means by which extensive areas of forest cover and a large measure of their 
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biological diversity would be maintained outside nature reserve.  Both 
proponent and critics of NFM for timber can be carried out in ways that 
mitigate the negative effects on biological diversity, and second, there is a 
common set of conditions necessary to maintain forest cover for any use, 
including NFM for timber or nature reserves (Dickinson et al. ,1996). 
Timber is the most valuable commercial commodity taken from most 
forests, and its removal strongly influences the character of those forests. 
Timber is removed to convert land to other uses, and it is removed in regular 
harvests activities of managed forests.  These two processes do not occur 
randomly on the landscape.  Rather, they occur in patterns that are 
predictable, related to the locations of   development, timber processing 
capacities, and the species in demand for timber products.  Because 
removals are a function of societal demands, the products made from timber, 
and the technologies used to remove and process timber, the nature of forests 
and projected future of those forests can be traced out by relating economic 
and demographic trends to the timber products sector.  The economic and 
demographic relationships to the timber sector can be identified through a 
description of historical patterns of timber production and technologies.  
( Haynes et al. 2001).   
1.2.5. Growing stock evaluation: 
There are different parameters which can be used for evaluating the growing 
stock volume.  Some measures are needed when analyzing the availability of 
timber resources.  In national forest management and enterprise-levels, the 
volumetric measurement of trees has always been the basis of forest 
planning.  The standard measure is the volume of growing stock.  Growing 
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stock volume is the above-stump volume of living trees measured from the 
bark up to the tree tops.  It includes all living trees, the diameter of which at 
breast height (d.b.h.- or 1.3 m) is over a certain minimum.  It is the living 
tree component of the standing volume, which also includes dead trees 
(TBFRA, 2000). 
Globally, total growing stock shows a slight overall downward tendency - 
mainly owing to a decrease in forest area.  However, some regions show 
significant trends in growing stock per hectare (i.e., Europe shows an 
increase and Southeast Asia and Africa a decrease). 
1.2.6 Gross Increment, net increment and annual felling: 
Two types of increment measures are distinguished: gross increment and net 
increment. 
Gross increment is the average annual volume of increment (an increase of 
growing stock)   over the reference period of all trees is measured by a 
minimum diameter at breast height (d.b.h.).  It includes the increment of 
trees that have been felled or have died during the reference period.  This 
increment is usually measured every 5 or 10 (although rarely) years and this 
annual increment becomes the average for that reference period. 
Net annual increment is the average annual volume over the given reference 
period of gross increment but less than that of natural losses of all trees to a 
minimum diameter of 0 cm (d.b.h) (TBFRA 2000). 
In order to monitor the annual production and sustainability in forestry, one 
also has to be aware of three other terms related to felling and other losses in 
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forests. Annual felling refers to the average annual standing volume of all 
trees that are felled during a given period. It includes the volume of trees or 
parts of trees that are not removed from the forest. It also includes 
silvicultural and pre-commercial thinning. These felling are further divided 
into removals and logging residues. Removals represent those parts of 
felling that are transported out of the forest. Logging residues are 
represented by that part of felled stem-wood, which remain in the forest.  
Together felling and natural losses constitute the drain, meaning all wood 
material that has died from natural causes (natural loss) or has been taken by 
people from the growing stock. 
All components related to increment and total drain compose a logical 
system   that monitors and analyses the different changes in the forest and 
also in the efficiency of forest management and utilization. 
1.3. Forest management, policy and economics  
Forests need strong systems to manage them on sustainable base.  Growth 
and yield models are among the most important and modern systems in 
recent years and have been attracting increasing attention from forest 
researchers.  There is an increasing interest in, and controversy surrounding 
the use of mixed plantations and natural forests.  Rational discussion and 
resolution of management options require reliable growth models linked to 
other information systems. Well-meaning forest managers have often been 
over- optimistic in estimating forest growth and yields, and this has 
contributed to over-cutting in some forests. Growth models can provide 
objective forecasts, offering forest managers the information needed to 
maintain harvests within the sustainable capacity of the forest, and providing 
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quantitative data for land use planners to make informed decisions on land 
use alternatives (Vanclay, 1994).   
Forest models will contribute to the conservation and sustainable 
management of natural forests in the tropics and elsewhere.  Many 
approaches can be used, and the best one depends on the data available, the 
time and expertise available to build the model, the computing resources, 
and the inferences that are to be drawn from the model.  Better models will 
provide better information, greater understanding, and better management of   
forest. (Vanclay, 1994). 
Forest managers, planners and policy makers forecast the outcomes of 
different types of forest use in order to make wise decisions for balanced 
management.  Careful selection and analysis of data will always be vital to 
 Decision making process, but efficient and readily understandable  
Growth models and yield now promise to become invaluable tools.  It is 
widely accepted that, while growth and yield models are fundamental to 
management, the global community now demands more sustainable use and 
a more comprehensive understanding of forests and forest products.   
It is eminently clear that forest managers and planners will rely increasingly 
on access to simplified models of forest dynamics which can be used to 
generate options for improved resource management. 
Scientists have acquired sophisticated knowledge of components of forest 
systems but have failed to integrate and synthesize information in a way that 
can provide adequate decision-making tools. (Sayer, 1994)  
Growth and yield modeling is one of the most important tools for yield 
regulation and the forest management.  This study deals with modeling  tree 
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height-diameter  relationships of  Acacia seyal and Balanites aegyptiaca 
existing at TNFR. 
 
1.3. Problem statement: 
Although Acacia seyal (Talih), and Balanites aegyptiaca (Higlig) are among 
the most important naturally growing tree species in the open woodland 
savanna of Sennar state, no intensive studies were carried out concerning 
their management.  There are neither tariff tables nor volume tables for these 
species.  Yield tables and yield models are also lacking.  No studies have 
been carried out to investigate the relationships between the different growth 
parameters of these tree species; such as the height-diameter relationship, 
crown-diameter relationship, height-crown relationships, etc.  
1.4. Objectives of the study: 
The general objective of this study is to establish some management tools 
which will help in managing Acacia seyal (Talih), and Balanites aegyptiaca 
(Higlig) as they are the most important species in Sennar State forests.  
Specific objectives are: 
1. To study height –diameter relationships of the species mentioned 
above. 
2. To predict the total height and future yields of these species. 
3. To use statistical analysis packages to model the relationships 
between some growth parameters of the two species.  
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CHAPTER TWO 
Literature Review 
2.1. The importance of tree height in forest management: 
Height is the linear distance of an object normal to the surface of earth or 
some other horizontal datum plane. Tree height is an ambiguous term unless 
it is clearly defined. Aside from land elevation height of the tree is the 
principal vertical distance between base of the tree on the surface of the 
ground and the tip of the tree measured in forest mensuration.  Height is 
another widely used stand structure parameter and other important tree 
characteristic next to diameter.  It is obtained by measurement or it can be 
estimated.  Height is an important factor because it serves essentially for 
computation of individual and total stand volume through the traditional 
volume equation.   Height is also used for calculating volume increment.  In 
connection with age height is widely used for determination and 
measurement of site quality and stand productivity. Vertical structure (i.e. 
the height distribution) is an important factor in many silvicultural 
prescriptions and in assessing wild life habitat .The measurement unit of 
height is meter. (Bertram, 1923). 
 Height is an important property of forest trees and stands from several 
points of view, such as studies related to species succession, forest  
mensuration, and assessment of site quality.  In addition to that theory and 
practice have claimed that tree height is an important signal of growing 
environment suitability reflected in height –age relationships, and height –
diameter relationships; both of which can be used as indicators of site 
quality .Spurr(1952) 
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2.1.1 Types of height:  
For an even – aged stand, the variation in height is typically less than the 
variation in diameter. For uneven-aged stand, the height distribution is often 
similar to the diameter distribution.(Bertram, 1923). 
Total height is the distance along the axis of the tree stem between the 
ground and the tip of the tree.  In determining this height, the terminals (i.e. 
the base and tip of the tree) can be more objectively determined than other 
points on the stem.  It is often difficult, however, to see the tip of tree in 
closed stands and to determine the uppermost limit of a large - crowned tree. 
Bole height is the distance along the axis of the tree stem between the 
ground and the crown -point (the crown-point is the position of the first 
crown-forming branch; therefore, bole height is the height of the clear, main 
stem of a tree). (Bertram, 1923). 
Merchantable height is the distance along the axis of the tree stem between 
the ground and the terminal position of the last usable portion of the tree 
stem.  The position of the upper terminal is somewhat subjective.  It is taken 
at a minimum top diameter or at a point where branching, irregular form or 
defect limit utilization.  The minimum top diameter will vary with the 
intended use of the timber and with market conditions, for example, it might 
be 10 cm for pulp wood and 20cm for saw timber. 
Stump height is the distance between the ground and the basal position on 
the main stem where a tree is cut. The standard stump height is generally 
about 30cm for volume table construction and timber volume estimation.  
Crown length is the distance on the axis of the tree stem between the crown-
point and the tip of the tree.  A tree characteristic used in tree and forest 
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health monitoring is the live crown ratio.  It is determined by dividing the 
live crown length by total tree live height. 
The vertical structure can be described using the actual height or using a 
classification based on crown position. The mean height may be calculated 
or the height distribution can be specified using many of the same models as 
used for diameter. The following definitions of crowns are still widely used 
today: 
- Dominant crowns extend above the general level of crown cover of 
other of the same stratum and are not physically restricted from above 
although possibly somewhat crowded by other trees on the side. 
- Co-dominant crowns form a general level of crown stratum and are 
not physically restricted from above, but are more or less crowded by 
other trees from the sides. 
- Intermediate crowns are where  the trees are shorter, but their crowns 
extend into the general level of dominant and co-dominant trees, free 
from physical restriction from above, but quite crowded on the sides. 
- Suppressed (over topped) crowns are entirely below the general level 
of dominant and co-dominant trees and are physically restricted from 
immediately above ( Bertram ,1923). 
In even–aged stands composed of a single canopy layer, the crown 
classes generally reflect relative height, with the dominants being the 
tallest and the suppressed being the shortest. In uneven–aged stands and 
some even-aged stands, the trees often form the distinct canopy layers 
referred to as strata. Within each of these strata, dominant, co-dominant, 
intermediate and suppressed trees are found (Bertram, 1923). 
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2.1.2 Methods for measures mean height: 
A single value to characterize the height of a stand is useful in estimating 
stand volume or biomass from a stand volume or biomass function and to 
determine site index from curve or equation.  The following are methods 
that have been used to obtain the average height of a stand. 
1- Measure and average the heights of all trees, or a sample of trees, 
regardless of their size or relative position in the stand. This 
corresponds to un-weighted mean stand height. 
2- Measure and average the heights of dominant trees, or of dominant 
and co dominant trees (in Australia and New Zealand these are called 
the predominant height and dominant height respectively). Since the 
selection of a dominant or co-dominant tree is subjective, different 
observers often obtain different results.  The average height of 
dominant and co-dominant trees is the expression commonly used in 
determining the site index in North America. 
3- Measure and average heights of a fixed number of the largest trees: 
(usually, largest in diameter; although it could be largest in height) per 
unit area.  In Australia and New Zealand the mean total height of the 
largest ten trees per hectare (with the largest diameter at breast height) 
is called the top height. 
4- Determine the average height weighted by basal area is called Lorey’s 
mean height. 
There are several expressions of average stand height that have been 
developed based on a height-diameter curve constructed from sample 
tree data representative of the stand.  After preparing the curve one 
decides what average diameter is representative of the stand and reads 
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the height of the tree of this diameter from the curve.  In New 
Zealand, the quadratic mean diameter of the largest 100 trees is 
determined; the corresponding height of this diameter tree is then 
estimated from a height-diameter curve. 
Taller trees can be measured directly with the aid of sectional or 
sliding poles made of wood, fiber glass, plastic or light weight metal.  
Although measurement with poles is slow, they are often used to 
measure height on continuous forest inventory where height accuracy 
is desired and merchantable length is less than 70 feet (Bertram,1923). 
2.2. The importance of tree diameter in forest management: 
2.2.1. Definitions: 
A diameter is a straight line passing through the center of a circle or sphere 
and meeting at each end of the circumference or surface.  The most common 
diameter measurements taken in forestry are of the main stem of standing 
trees, cut portions of trees, and branches.  Diameter measurement is 
important because it is one of the directly measureable dimensions from 
which tree cross-sectional area, surface area and volume can be computed. 
 The use of the word diameter implies that trees are circular in cross section.  
In many cases, however, the section is somewhat wider in one direction than 
another, or it may be eccentric in other ways. Since for computational 
purposes tree cross sections are assumed to be circular, the objective of any 
tree diameter measurement is to obtain the diameter of a circle with the same 
cross-sectional area as the tree (Bertram, 1923). 
The point at which diameters are measured will vary with circumstances. In 
the case of standing trees, a standard position has been established.  In the 
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United States, the diameter of standing trees is taken at 4.5 ft above ground 
level. This is referred to as diameter at breast height and is abbreviated to 
d.b.h. or dbh.  In countries that use the metric system, the diameter of 
standing trees is taken at 1.3 meters above ground level and was traditionally 
given the symbol d or is abbreviated as d.  However, it is currently common, 
especially in North America, to find the symbol dbh used to refer to both   
diameters measured at 4.5 ft above ground and to diameters measured at 
1.3m above ground level. (Bertram, 1923). 
Preference of breast height as the reference of height has two reasons: (a)  at 
breast height the caliper is easily handled and (b) On most trees of the boreal 
and temperate zones the influence of the buttress on the stem form is already 
much reduced in breast height. 
2.2.2. Importance of diameter in forest inventories: 
There are four reasons why the diameter (d) or the circumference(c) at breast 
height is of particular importance among all the tree information collected in 
the course of a forest inventory: (a) it is a characteristic which can be easily 
assessed, therefore, in full enumerations this quantity is measured on all 
trees. In comparison with other tree characteristics diameter measurements 
are the most reliable measurement; errors and their causes are recognizable 
and can be limited to a minimum by suitable instruments, adequate 
measurement methods and by careful performance. 
(b) The diameter at breast height is the most important measurement element 
and provides the basis for many other computations.  It serves for the 
derivation of the tree cross-sectional area at breast height (also called the 
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basal area) volume which is the product of basal area, height and form 
factor.    
Hence, the diameter at breast height affects the volume quadratically, while 
height and form factor enter linearly only. 
(c) The frequency of trees of afforested region in single diameter classes, the 
so-called stem-diameter distribution (number of trees per diameter class) is 
an essential inventory result.  It provides an outstanding insight into the 
structure of the forest which itself is the result of the development of the 
forest stand. 
Moreover, the stem- diameter distribution serves as the basis for the 
assortment of the growing stock which is primarily established according to 
the diameter at breast height.  Stem-diameter distribution is therefore an 
important basis for economic decisions and may be used in planning if the 
actual distributions can be successfully fitted by means of mathematical 
distribution functions. 
(d) From the diameters at breast height, the stand basal area is calculated by 
summation of the basal area of all trees.  Particularly in older stands, basal 
area increment and volume increment take a highly parallel development. 
The stand basal area is a very important parameter for the characterization of 
the density of the growing stock. 
 The degree of stocking is defined by the quotient of actual basal area to the 
maximum attainable for that particular site (natural degree of stocking 
according to the basal area of an appropriate yield table). (Bertram, 1923). 
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For periodic controls, the basal area is of particular importance, because of 
lesser measurement errors.  Differences in terms of basal area are far more 
reliable than differences in terms of volume. 
The object of measurement of girth or diameter at heights other than breast 
height is to calculate the volume of standing trees in the same manner and as 
accurately as that of a felled tree.  The object of measurement of mid-girth or 
diameter is to determine the form quotient or form class, while the 
measurement of diameter or girth under bark is to determine the form 
quotient or the volume of timber exclusive of bark. 
 Tree stem diameters above breast height are often required to estimate form 
or taper and to compute the volume of sample trees from the measurement of 
diameters at several points along the stem. 
2.2.2. Diameter types: 
Diameter at breast height, diameter at ground level, average diameter, mean 
basal area diameter, maximum diameter, minimum diameter, crown 
diameter, stem diameter, diameter over bark above buttress height, diameter 
over bark at stump height and diameter at other points along the stem of a 
tree are all types of diameters. 
Diameters should be qualified as d.o.b or dob (outside bark) or d.i.b or dib 
(inside bark); however, when this designation is omitted from breast height, 
measurement is assumed to be outside bark.  Whether outside or inside bark 
diameter measurements are taken depends on the purpose for which the 
measurements are made. When a rule or scale stick is used on a cut section, 
it is simple to measure diameter inside or outside bark.  One simply 
measures an appropriate line, or lines, on the section along which the bark is 
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intact. If both d.i.b and d.o.b are measured, bark thickness is one –half the 
difference between them (Bertram, 1923). 
 2.2.4. The use of height and diameter in construction of tariff and 
volume tables: 
 2.2.4.1. Tariff tables: 
   Division of volume of individual trees by basal area provides from height 
as obtained from the equation (1): 
V tree = b*h*f …… (1) 
Where: 
 v= tree volume in cubic meter 
b=basal area in square meter 
 f=form factor 
 h= height in meter 
Hence: 
V/b =f*h=form height (Turnbull and Hoyer 1965; Husch et al. 1972;  
Hetherington and Elsiddig 1983/1984).  Form height is synonymous to 
tariff number values and the tariff numbers constitute the basis for tariff 
classes used as index numbers for tariff table series (Hetherington and 
Elsiddig, 1983/1984). 
Tariff tables are based on form height classes (Hummel, 1955, Hetherington 
and Elsiddig , 1983/1984).  The construction of tariff tables is based on the 
linear relationship between volume and basal area within even aged stands 
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(Hummel, 1955; Turnbull and Hoyer, 1965; Carron, 1968).  The linear 
regression model can be expressed in the form: 
 V=b0+b1g 
Where: 
 v= tree volume in cubic meter 
 g=tree basal area in square meter 
 b0=regression constant 
 b1=regression coefficient 
A linear relationship between b1 and stand top height was, for example, 
demonstrated by Hummel (1955) and Gray (1956).  It is, however, the basal 
area intercept of the regression lines (b0) which has received most 
investigation. 
Carron (1968) identified the existence of two groups of thoughts in this 
connection. The first group, as exemplified by Hummel (1955) and 
Turnbull and Hoyer (1965) theorized  that the basal area intercept of the 
volume lines for all stands is located at a common point related to the 
minimum top diameter.  Hummel (1955) found no correlation between the 
ratio b0/b1 and stand top height.  He advocated the use of a constant value of 
0.03ft2 related to the current minimum top diameter of 3 inch.  Turnbull and 
Hoyer (1965) used similar principles to construct volume-basal area lines 
passing through a “logical” intercept value of 0.087 ft2 (equivalent to 4-inch 
top diameter).  The second group preferred to investigate the b0/b1 ratio in 
relation to stand attributes separately for each stand (Gray, 1956; Carron, 
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1968).  Their approach is based on the hypothesis that each stand has its 
own characteristic relationship. 
The practical implications of the two approaches are obvious.  The use of a 
fixed top diameter limit to define a constant basal area intercept value(i.e. a 
constant point of convergence for all the lines relating volume to basal area) 
enables a set of harmonized volume-basal area lines to be produced using 
mathematical principles by defining two points through which each line 
passes. One point is defined by the constant point of convergence and is 
common to all lines; the other is defined in relation to the volume 
associated with a specific basal area value (1.0 square foot, or 1.0 square 
meter etc.) and is unique to a given line.  The slope of the line is calculated 
by the principles of the right angle triangle (Gray, 1956; Carron, 1968).   
2.2.4.2 Volume tables:  
There are four types of volume tables depending on the number of 
independent variables used in their construction.  According to Husch et al. 
(1972) and Elsiddig (1980) they are named local, standard or form factor 
volume tables in addition to tariff tables. 
a) Local volume tables: 
 They are based on breast height diameter alone or girth.  Here for 
every diameter class, a uniform height-diameter relationship is 
assured (Husch et al, 1972; Loetsch et al, 1973). 
b) Standard volume tables: 
 They are constructed on two entry variables (d.b.h and height). They 
are applicable to wider variations of height-diameter relationship than 
the case for local volume tables (Cunia, 1964). 
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c) Form class volume tables: 
This type of volume tables is in fact a series of standard volume tables for 
each class of form.  Form classes can be developed as form factor classes or 
any other measure of form (Husch et al, 1972; Loetsch etal.1973; Elsiddig 
1980). 
d) Tariff tables. 
 
2.3. The height/diameter relationship 
The development of the height /diameter pattern was assumed to be 
dependent on both tree size and stand characteristics.  The tree diameter at 
breast height, stand age and dominant height were used as predictors of the 
tree height.   
The modeling of tree height growth can be one component of an individual 
tree model.  Height/diameter models are used in forest inventories and in 
stand projection systems mainly because height measurements are expensive 
and time-consuming and often they are performed only on a small portion of 
sampled trees. The development of a relationship between total tree height 
and diameter at breast height (dbh) is considered crucial in forest inventories 
as well as in stand projection systems since it provides height predictions 
using an easily measured predictor variable such as dbh  (Lappi, 1991, 1997)   
The construction of height/diameter models is sometimes performed using 
mixed effect models, assuming that parameters of the model can vary 
randomly across stands.  
Growth and yield simulators are generally based on statistical prediction 
models for temporal development of a stand’s dimension and structure.  In 
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yield studies, stand volumes are normally calculated from tree volumes, 
using stem volume prediction models and trees derived from the diameter 
and height distributions. Horizontal stand dimensions, used in forest 
mensuration and growth modeling are obtained from tree diameter.  Height–
diameter equations are needed to obtain total and merchantable tree volume 
and evaluation of top height.   Height–diameter equations are also used in 
many stand growth and yield models to predict the mean height for a given 
diameter or diameter class.  Height–diameter equations can be of local 
application or can have a more generalized use. (Tome´, 1988) 
The first type is normally only dependent on tree diameter and can be 
applied to the stand where the data were gathered; regional height–diameter 
equations are a function of tree diameter, age, and other stand variables and 
can be applied at the regional level.  Precise estimation of the height-
diameter relationship is needed because height is often predicted from 
diameter measurements rather than being measured. 
2.4. Forest  tree modeling  
2.4.1. General: 
A model is an abstraction, or a simplified representation, of some aspect of 
reality (and should not be confused with the normative meaning of the  
word; something worthy of being imitated).  We frequently use models  
Unconsciously, e.g. making mental models to visualize cause-effect 
relationships to help explain and anticipate the behaviour of systems. 
Models may be stated in verbal (e.g. a description) or material forms (e.g. 
scale model).  
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A scientific model is an abstraction, usually more a hypothesis and only in 
restrictive sense, it is a simplified description of a given phenomenon 
(Derman et al., 1973). 
 A mathematical model is like a verbal model, but uses mathematical 
language which is more concise and less ambiguous than natural language.  
Computers have become indispensable as tools to assist modeling, but are 
not central to the process of modeling.  Modeling is about making a good 
representation, and the computer is merely a convenient way to realize it.  
Vanclay (1994) ,  García (1994) likened "computer modeling"  to 
"typewriter poetry".  
A forest  growth and yield model, therefore, is an abstraction and 
hypothetical relationship of various important components of forest 
dynamics including reproduction, growth, mortality and associated attributes 
in a forest community(stand) that relates to be phenomenon of change.  
Change in the context used here may represent alterations to the dimensions 
of one or more individuals in a forest, or more substantial changes in 
compositions and structure of the forest over a given period of time 
(Minor,1982; Vanclay, 1994). 
Growth and yield are frequently investigated and treated together, as one can 
easily derive from the other. In forestry, growth and yield models are 
necessary not only to project changes occurring in forests and hence to 
facilitate forest management plans and decision making, but also to augment 
stand management research and evaluation (Rayner and Turner, 1990). 
Both short time planning, which is related to determination of the 
operational level of yields, and long time planning, which entails yield 
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predictions and regulation, involve evaluation and selection of alternative 
management options through ecological, economic and social criteria. These 
evaluations depend on growth and yield models based and supported by 
permanent research plot and forest inventory taking into account the demand 
for forest products and forest growth patterns for many years.  Therefore 
growth and yield models have been an integral part of forest management, 
planning and conservation (Kariuki, 2002). 
 It is relatively easy to obtain detailed information and to formulate complex  
cause-effect relationships pertaining  to simple systems such as plantations 
and forest stands that are even-aged or have few species. Thus, the majority 
and most complex existing growth and yield models have been developed 
for very simple forest systems (Vanclay, 1994). 
2.4.2. History of Forest Growth and Yield Models: 
The oldest approaches to yield estimation in forestry are the yield tables, 
which were first applied in Chinese “Lung Ch’uan codes” some 350 years 
ago. The first simplistic modern form of plantation yield table was 
developed in Germany in1987 based on normal stands and data were 
tabulated and summarized to develop a series of alignment chart to estimate 
the anticipated volume from forest stands using age and stand productivity 
(Vanclay, 1994).  A century later, the development of both mensuration 
methods and scientific investigation on growth and yield in forestry were  
quite well developed in Germany and at an advanced stage in other  parts of 
the world (Kimmins, 1988).  
In 1880, Gray assumed a uniform tapering tree stem and constant sectional 
area between the tree branches and horizontal plane to develop a model for 
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estimating the maximum height to which a tree of given proportion can 
grow.  The beginning of the 20th century was marked by the development of 
growth and yield prediction on forest stands based on historical tree growth 
patterns from complete stem analysis.  The knowledge gained from stem 
analysis, besides being used to determine changes in stem form and volume, 
has also been used to estimate and predict future changes in height, 
diameter, volume and hence the yield of forests (Dyer and Bailey, 1987). 
Stem analysis proved important in providing detailed information of past 
tree and stand growth, and its potential for use in forestry and related science 
made it very popular throughout the twentieth century, especially where tree 
exhibit annual diameter increments (Finegan  et al.,1999). Recent increases 
in both  mathematical and forestry knowledge led to the refinement and 
improvement of the normal yield tables to the point where they were 
replaced by empirical density-based yield tables that offered greater 
flexibility and applicability in management of forest stands  .  The modern 
yield tables are more complex and include not only yield, but also stand 
height, mean diameter, density, stand basal area, and current and mean 
annual volume increments.  The current yield tables provide reliable 
estimates of potential yields  of stand similar in character to those used in 
developing the table, and form a basis for prediction of yield from natural 
forests to managed stands(Vanclay,1994). 
The use of computer power has improved alternative approaches.  In 1966, 
for example, Turner used a computer to develop a series of multiple linear 
regression equations as an accurate alternative to the stand table projection 
method for predicting the growth of irregular Black-butt forest in New South 
Wales, Australia (Rayner and Turner, 1990).  Statistical functions such as 
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Weibull distribution and parameter estimation function are now easier to 
work with and have been used to explain and describe various growth events 
that have a wide range of application in applied science including forestry.  
For example, it was demonstrated that the natural dynamics of tree diameter 
distribution in even-aged forest stands could be characterized and depicted 
by the Weibull probability function (Bailey and Dell, 1973). Further 
development of diameter distribution could be characterized by use of the 
probability density function approach (Hyink, 1980). 
Thus a growth model may comprise a series of mathematical equations, the 
numerical values embedded in those equations, the logic necessary to link 
these equations in a meaningful way, and the computer code required to 
implement the model on a computer (Vanclay, 1994). 
2.4.3. Types of   growth and yield models: 
Forest management decision-makers have a great need for reliable 
predictions regarding the ways that different silvicultural regimes affect 
stand development.  Appropriate forest growth models can provide such 
forecasts (Pukkala et al., 1998). 
Models are divided into quantitative and qualitative models.  A quantitative 
model leads to detailed, numerical predictions.  A qualitative model broadly 
describes “regions” of responses.  Some models are actually hybrids. 
A quantitative “mathematical” model is like a qualitative model, but uses 
mathematical language which is more concise and less ambiguous than 
natural language (Vanclay, 1994). 
According to Verma (1999), mathematical models are classified into  
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physiological models, ecological  models, empirical  models,  
hybrid models, deterministic and stochastic models.   
Our focus will be almost exclusively on empirical models. 
2.4.3.1 Empirical models: 
Most silvicultural models in current use are empirical models, i.e. models 
derived by observing, recording and generalizing how forest stands react to 
different treatments.  Survey data and data from permanent sample plots 
may be used in their construction.  Growth functions are fitted to available 
data based on biological assumptions concerning the strength and direction 
(positive or negative) of variables that influence the growth of the stand.  
Such models will often give good estimates of expected growth, as long as 
the predictions are within the scope of the data used in their construction, but 
they may give uncertain estimates for predictions outside the range of the 
data set. (Verma, 1999) 
Empirical stand growth models can be categorized into three types  (Verma, 
1999).  
 (a) Individual tree models, which can be further divided into distance-
dependent and distance-independent models. 
 (b)Diameter distribution models and 
 (c) Whole stand models  
Foresters are generally interested in both stand volume growth and the 
way the volume is distributed among different tree sizes.  A commonly 
used general measure of tree size is the diameter at breast height (dbh).  
Diameter distribution models and individual tree models provide direct 
estimates of future tree sizes.  For whole stand models, the future dbh 
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distribution can be derived from predicted stand attributes (Verma, 
1999). 
2.4.3.1.1 Height-diameter modeling 
 Hybridization of the traditional yield models and process-based forest 
growth models is advocated as the most expeditious way to provide forest 
managers with forest growth information (Rayner and Turner, 1990; Candy, 
1997). Traditional yield models based on a historical bioassay of growth 
provide accurate predictions of growth when current and future conditions 
are the same as in the past. Furthermore, since the models are based on 
historical data there is a risk that the outcome will become increasingly 
uncertain if the environment changes. 
Most yield models currently used for forestry management utilize the 
concept of site index (SI) (Ford and Bassow, 1989).  SI is a measure of the 
growth potential at a site, often expressed as the expected height of a forest 
at a given age.   
Considering that dbh  is relatively cheaper and can be more accurately 
obtained than total tree height and that a close relationship usually exists 
between dbh and height of individual tree stems (Mayer, 1936), foresters 
often turn to height-dbh regressions to predict total tree height based on 
observed dbh.  When using one-entry volume tables or a standard volume 
table to estimate tree or stand volume, accurate height- dbh functions are 
usually required (Curtis, 1967; Tang, 1994).  According to Tang (1994) the 
error in predictions with one-entry volume tables presently used in China 
mainly comes from the estimation error of the average heights in diameter 
classes.  Thus, any advancement in the ability to precisely predict tree height 
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from dbh could achieve significant improvements in the precision of timber 
inventories, especially for a region where little work has been done on this 
topic. 
Height increment data for modeling is usually obtained either by re-
measuring heights on standing trees or by stem analysis (stem analysis is 
the procedure used for determining past growth by directly measuring the 
accumulated stem increments of height and diameter). Of these two 
methods stem analysis is the most accurate, although very expensive. 
Re-measured heights are particularly difficult in mountainous terrain and 
in dense stands.  Additionally, in boreal and many temperate forests 
height growth can be slow and height measurement error can be large 
relative to the increment (Hasenauer and Monserud, 1997). 
Consequently, rather than measure heights of all trees, growth and yield 
modelers develop heuristic functions of diameter.  Diameter at breast 
height (dbh) is obtained on all trees and heights are measured on a sub-
sample.  A heuristic function predicting height from diameter is 
developed using trees that have both height and diameter measurements.  
More recently, however, other independent variables have been included 
such as, stand basal area, basal area in trees of larger diameter, site index, 
slope, aspect, elevation, crown competition factor, soil and precipitation 
factors (Larsen and Hann, 1987; Hasenauer and Monserud, 1997; Uzoh, 
2001).  
Measuring total height (h) is not as easy as measuring diameter at breast 
height (dbh).  Total height is usually measured indirectly with height 
measuring instruments based on angle and distance measures.  As a result 
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of the difficulty in measuring tree height and the cost associated with 
field inventories, and as the height (h) and diameter (dbh) are correlated, 
it is common practice to fit height /diameter (h /d) models to predict 
heights from measured diameters.  Such models are thus essential for 
estimating individual tree volume and sometimes site index, and for 
describing stand growth dynamics and succession over time (Curtis, 
1967) when height is not measured.  Parresol (1992) described h/d 
models as important components in yield estimation, stand description 
and damage appraisal.  The h/d relationship varies from stand to stand, 
and even within the same stand the relationship is not constant over time 
(Curtis, 1967).  It is frequently argued that the scatter plot of h against d 
reveals a sigmoid curve over the full range of diameters.  
Height–diameter relationships is based on stand characteristics (trees/ha, 
basal area, and dominant stand height).   Approximately half the data 
were used to estimate model parameters with the rest used for model 
evaluation.  Models providing the most accurate prediction of height 
included basal area, trees/ha, dominant stand height, and diameter at 
breast height (dbh).  
Growth and yield models are generally used to predict the temporal 
development of forest stands.  Knowledge of diameter at breast height 
(dbh) and total tree height is fundamental to both developing and 
applying many growth and yield models.  Diameter at breast height of a 
tree can be measured quickly, easily, and accurately, but the 
measurement of total tree height is relatively complex, time consuming, 
and expensive.  Furthermore, tree, stand, and site conditions may prevent 
accurate height measurements on all trees measured for dbh as it may not 
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be possible to unambiguously observe a given tree, or reach an 
appropriate vantage point.  Therefore, with many permanent and 
temporary sample plot systems, dbh is conventionally measured for all 
trees sampled, but height is measured for only a sub-sample of trees 
selected across the range of diameters observed (Huang et al., 1994).  
The development of simple and accurate height–diameter models, based 
on easily obtainable tree and stand characteristics, is a common precursor 
to using inventory and sample plot data to calculate volume and other 
stand attributes.  The height–diameter relationship is also not constant 
over time, even within the same stand (Curtis, 1967).  
3. Regression analysis:  
Regression analysis is a widely used approach for fitting and evaluating 
mathematical models involving several variables (Freese, 1964).   
As noted by Curtis (1967), a model should possess the following 
characteristics: 
1. The slope should be positive everywhere, and should approach zero as the 
DBH becomes large. 
2. The curve should pass through the origin. 
3. The model should be easily fitted by the (linear regression methods.)  
The general linear regression equations can be expressed as a simple form: 
Y=b0+b1X (simple linear regression) 
Y=b0+b1X+b2X2 (polynomial regression) 
Y=b0+b1X1+b2X2 (multiple linear regression)  
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Where:  
Y=the estimated value of the dependent variable. 
b0=the regression constant. 
b1, b2=the regression coefficients 
X, X1+X2 =the independent variables 
The most crucial assumption in the fitting of regression equations concerns 
the homogeneity of the dependent variable variance.  Deviation from these 
assumptions renders the test of significance of the estimated parameters 
invalid (Draper and Smith, 1966). 
There are a great number of references about height- diameter relationships 
for different species and different forest regions. The regression software 
packages (both linear and nonlinear) are now readily available and relatively 
easy to obtain, we relied heavily on the SAS software for our analysis (SAS 
Institute Inc., 1996). 
The  procedure which enables us to decide whether to accept or reject a 
hypothesis or determine whether observed samples differ significantly from 
expected results, are called test of significance, test of  hypothesis or rules of 
decision (Spiegel,1981). 
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CHAPTER THREE 
Study area 
 
3.1. Location and area: 
Sinnar State occupies the south - eastern part of the Sudan.  The state 
extends between latitudes 12º 5´ N and 14º 7´ N and longitudes 35º 42´ E 
and 32º   58´ E in the middle clay plains belt.  The total area of the state is 
40680 square kilometers (equivalent to 9,700,000 feddans or 4073918.52 
hectares), sharing border with Ethiopia and Gadaref State from the east, El 
Gazira State from the north, Blue Nile State from the south and White Nile, 
Upper Nile States from the west.  The northern part of the state is located in 
the low rainfall wood land savanna and the southern part of the state is 
located in the high rainfall wood land savanna. 
TNFR lies in Abu Hoggar locality to the west of Wad Elnayal town at a 
distance of about 9 Km. 
Tozi natural forest reserve, where this study was carried out, is a good 
representative for a mixed forest in the Sudan and contains many tree 
species which are useful and cover large areas.  It takes the form of “L” in 
the Tozi Agricultural Project. Tozi forest reserve lies between latitudes  12º 
27´ and 12º  33´ N and longitudes 33º 58´ 30?    and   34  4 ˴ 30?   E .  It is 
bordered to the north-west by Shaqat Wad Elnayal, to the east by Wad Nile 
twon and from the south-west by Tozi mechanized farm.  Administratively 
Tozi forest is one of the Dahara Division forests, which is part of Wad 
Elnayal Forest Circle. 
3.2. Roads and pathways in the forest: 
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The fire line of Tozi forest is circular in shape surrounding the forest for 
protection from fire; with a total length of 41.2 km. There are three 
natural unpaved roads around Tozi forest: Tozi road, Tozi- Pousey road 
and Algarabein road. 
Tozi forest covers an area of approximately 14360 feddans.  The reserved 
forest was gazette on 15 \ 6 \ 1974 with gazette No.1162.  Tozi natural forest 
reserve lies in the low rainfall wood land savanna. 
3.3. Climate: 
Climate in Sennar State is generally characterized by a continental climate 
with two major seasons: one is dry and the other is rainy.  The whole of the 
State area falls within the savannah region, which is characterized by short 
rainy season and a longer dry period.   
 3.3.1. Temperature: 
  Temperature varies between low and high in the study area, with the lowest 
temperature (17.2º C) in January and the maximum (44ºC) in April.  Table 
3.1 shows the minimum and maximum temperatures in the study area for the 
period 2001-2010. 
3.3.2. Relative humidity: 
In the dry season from January to March the relative humidity ranges 
between 25-37% and reaches the peak in August (77.2%) and then falls 
down again in December and November (Table 3.1). 
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3.3.3. Wind: 
In the study area prevails in the winds of volatile phases from January to 
April which blow from the north-east.  In May, June and July prevails south-
western winds.  In August, the wind is south to southwesterly and then 
continue southwesterly up to November.  In December, the wind blows from 
north.    
The highest wind speed is 37 km per hour in October and its direction is 
southwesterly.  The minimum wind speed is 4.3 km per hour in September 
and its direction is southwesterly   
Table 3.1 .Temperature, relative humidity and wind data in the study area 
during 2001-2010. 
 The month          Temperature 
The average 
of relative  
humidity % 
            Wind 
Mean of 
minimum     
Mean of 
maximum  
  
  speed                                                                  
average 
Km\h 
Direction  
January 17.2 38 30.1 5.3 N 
February 19.2 39.6 25.0 6.2 NW 
March 22.3 41 23.4 6.0 NE 
April 27.2 44.3 25.0 6.0 NW 
May 24 41.5 37.5 6.2 SW 
June 25.1 37.4 57.4 7.0 SW 
July    21.6               33 69.0 6.6 SW 
August 21 31.5 77.2 5.3 SSW 
September 20 32.4 68.7 11.3 SW 
October 19 35.6 58.0 37.0 SW 
November 18 39.4 33.2 4.8 NW 
December 17.3 36.9 29.8 5.0 N 
Source:  Abu Neaama Research Station (2011). 
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3.3.4. Rain fall: 
Sennar State lies within the savannah low rainfall in the middle the clay 
plains, where rainfall ranges between 300-500 mm per annum.  
In Tozi Forest and surrounding areas rainfall ranges between 500-620 mm 
per annum.   The maximum average of the rainfall is in August, as a result of 
the winds of the southern and south-western humid region.  It has relatively 
moderate rain in September, October and there are five dry months, namely 
January, February, March, November and December.  Table 3.2 shows the 
annual rainfall in the study area during the period 2001-2011. 
Table 3.2.  Annual total rainfall in the study area during 2001-2010 
Year  Rainfall mm 
2001 568.8 
2002 374.9 
2003 549.8 
2004 625.9 
2005 510.7 
2006 491.8 
2007 520.3 
2008 6112 
2009 514 
2010 620.8 
Source:  Abu Neaama Research Station (2011). 
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3.3.5. Terrain and soil: 
- The whole area of Sennar State lies within the central clay plain; and 
the terrain is flat; declining a little from south to north. In Tozi forest 
the land is flat. The soil is fertile “virtisol”. General characteristics: 
- It is fissured soil cracks at least 1 cm and a depth of at least 50 cm. 
- The presence of subsidence and cobalt in the surface. 
- In the internal soil there are isolated sub-units, prismatic and and in 
the form of columns. 
- Contains Montmorillonite clay by more than 35%. 
- The presence of smooth surfaces. 
- Density ranging between 1.5-2.0 
- Proportion of poor drainage a few millimeters per day or 2-3mm/day.  
Disadvantages:  
- It is stiff and strong when dry and sticky and difficult to work with 
when wet. 
-  Cracks prevent the rise of water from the bottom of the soil to the 
surface and expose plant roots air. 
- Poor drainage. 
3.3.6. Vegetation: 
The savanna belt in the study area is sub divided into: 
1) Kitir belt : 
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This belt is concentrated in the heavy cracking clay plain; the average annual 
rainfall ranges between 300mm and 500mm.  Acacia mellifera (Kitir), 
Acacia laeta (Shubahi) an Acacia seyal (Talh) are the main dominant tree 
species.  The natural vegetation is affected by different hazards like fires that 
occur annually. 
2) Higlig and Talh belt: 
This belt extends south of the Kitir belt where the average annual  rainfall 
ranges between 570mm-800mm.  The dominant tree species are Acacia 
seyal var. seyal (Talh), Acacia seyal var. fistula (soffar), Balanites 
eagyptiyaca (Higlig), Acacia polycantha (Kakamout), Dalbergia 
melanoxylon (Abanous) and Acacia senegal (Hashab).  On the clay plains, 
the seeds of those species are usually washed by rain water and substituted 
by tall grass (of sorghum species).  This is known as Acacia-grass rotation. 
 The natural forests of the study area play an important role in environmental 
conservation and forest production including fire wood, Rassas, poles, 
charcoal and gum in addition to other non-wood forest products. 
3.3. Population: 
The population of Wad Alnayal town is 20000; the number of house-holds 
2500 household and the average of family members is 8 members and 
contains a number of tribes.  The tribes of Kenana and Rofaa live inside the 
forest. 
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Figure 3.1 Plant cover distribution in Tozi Natural Forest Reserve 
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                                           CHAPTER FOUR 
Material and Methods 
4.1. General: 
Tozi Natural Forest Reserve was selected for this research because it is 
composed of different tree species which are growing naturally. 
Basic information about site type characteristic was collected from the office 
of Wad Alnayel Forest circle.  The information included forest conditions, 
ages, silvicultural operations held in the past and the utilized products in 
addition to the protective role of the forest.  Measurements were carried out 
in Tozi forest through an inventory. There are a number of useful 
relationships between the growth parameters to be explored, but in this study 
will focus on the relationship between diameter at breast height (dbh) and 
the total tree height.     
4.2. Data collection: 
The total area of Wad Al Nayal forest is 14.360 feddans (5.98 hectares).  
Tozi forest reserve is composed of many tree species, with Acacia seyal,   
and Balanites aegyptiaca as the most dominant species.   
Systematic sampling with a sampling percent of 2.5% was used (Figure 4.1).   
Firstly a base line was established in the southern east corner of the forest, 
and the bearing 250°towards inside the forest was made.  Fifty meters were 
measured away from the forest margin in the direction of the bearing in 
order to reduce the effect of the marginal trees. Then the first survey line 
was established perpendicular to the base line; its bearing was 340°.  The 
intersection point of the end of the 50 meters distance with the survey line 
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represented the center of the first circular sample plot.  Then the layout of   
sample plots continued on the same way. The distance between each two 
successive survey lines was 200m and the distance between the sample plots 
along the survey line was 200m as well.  The total number of the sample 
plots in the forest was 1635 sample plots.   
After the demarcation of the boundary of the sample plot, the diameters at 
breast height (dbh) of all trees were measured.  Also   heights of six trees     
representing the tallest, medium and shortest trees were measured.    
For the trees at the border of the sample plot the distance from the center of 
the sample plot to the tree was measured accurately.  If more than half of the 
tree was inside the sample plot, it was counted; if more than half was outside 
it was neglected and if it was exactly at the border (half in- half out), it was 
measured in one case and neglected in the next case. 
The data for each sample plot was recorded in a separate sheet.  The sheet 
included the forest name, survey line number, sample plot number and date 
of inventory.  The measured diameters and heights were recorded and in 
each case the tree species was noted.   
Equipments used for data collection was composed of G.P.S., compass, 
caliper, Haga altimeter, distance tape, diameter tape, ranging rods and field 
book.  
The sample plot contains a mixture of species, but this study deals with the 
most important tree species (Talih and Higilig). 
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Figure 4.1 Sample plots distribution in Tozi Natural Forest Reserve. 
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4.3. Data analysis:  
The data which was collected from Acacia seyal (Talih) and Balanites 
aegyptiaca (Higilig) growing in Tozi Natural Forest Reserve  was entered in  
MS Excel spreadsheet, which has the power of arranging and tabulating the 
data in the way that it can easily be checked and reviewed, and to do all the 
simple statistical computations.  The set of data included tree species, survey 
lines, sample plots, tree numbers, diameter at breast height ( cm) and height 
(m).  The data was composed of 4428 observations for Acacia seyal and 
2405 observations for Balanites aegyptiaca.   
   Linear and nonlinear regression analyses were performed using the 
Statistical Analysis System (SAS). Simple linear regression, step-wise 
multiple  linear regression and nonlinear regression techniques were the 
main tools used in analyzing the data to develop height-diameter 
relationships and estimate the value of total height for the two tree species.  
Graphical displays of residuals against DBH and predicted height values 
were performed and statistical analysis were carried out.  
The selected models were previously used for softwood species (e.g. 
Cryptocarya chinensis, Castanopsis tonkinensis, Jack pine and White 
spruce.    
In this study we used seven linear regression equations. 
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Table 4.1.Tree summary statistics of  A.syal and B.aegyptiaca 
species Variable Mean  Minimum Maximum Coefficient   
of 
Variation 
Talih 
 
DBH(cm) 17.75         5.00        65.80        58.07  
Height(m) 6.06         1.40        18.20       40.02  
Heglig 
DBH(cm) 4.79  1.30  18.30  34.29  
Height(m) 7.73  1.00  54.30  48.14  
 
Table 4.2 shows the mathematical expressions of formulation for tested 
linear models for the two species growing in Tozi Natural Forest Reserve.  
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Table 4.2 the Mathematical expressions of formulation for tested linear 
models 
Model number and form References 
[1] H-1 = a+  bD-1 Vanclay (1995) 
[2] H= a+b×logD Curtis (1967); Alexandros and Burkhart (1992) 
[3] logH=a+b×logD Prodan (1965); Curtis (1967) 
[4] logH=a+bD-1 Curtis (1967) 
[5] H=a+bD+cD2 Henricksen (1950); Curtis (1967) 
[6] H= a+bD-1+cD2 Curtis (1967) 
 
Where: 
H= total tree height (m); D= diameter at breast height outside the bark (cm); 
a, b and c are parameters to be estimated. 
Table 4 .3 displays the mathematical expressions of formulation for tested 
non- linear models for the two species growing in Tozi Natural Forest 
Reserve. 
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Table 4 .3 the Mathematical expressions of formulation for tested non- linear 
models 
Model number and form References 
[1]   TH = 1.3 + e( a+b ×(1/(D+c ))      Fewelling and Delomg 
[2]    TH = 1.3 + a Db  
Stoffels and Van Soest, 1953;Stage 
1975. 
[3]      TH = 1.3 + D2 /( a+ bD)2  
Meyer 1940;Farr et al.1989;Moffat et 
al.1991. 
[4]     TH = 1.3+D2/(a+bD+cD2)   Curtis 1967;Prodan 1968. 
 
Where: 
TH=total tree height (m); D=DBH (cm); a,b and c parameters to be 
estimated; e, base of the natural logarithm=(2.71828);1.3 is a constant used 
because DBH is measured at 1.3 meters above ground level. 
It is usually desirable to model the height-diameter relationship by distinct 
tree species. Besides, in the present forest practices on Tozi Natural Forest 
Reserve, information on species is usually available in an ordinary forest 
inventory. More precise regression models may possibly be obtained with 
separate height- diameter models for each species.   All of the data set for 
both tree species (6833stems) was used to estimate the parameters of each 
model in Table 4.2 and 4.3 SAS procedure REG was applied to all linear 
equations. For example, for model [1] in Table 4.2 the DBH and total tree 
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height were first inverted to form two new variables (Y, height-1; and X, 
DBH-1) before the use of the REG procedure to estimation the parameters. 
The SAS procedure NLIN was used to estimate parameters in nonlinear 
regression models. Since a closed form solution generally does not exist for 
nonlinear equations, the NLIN procedure uses an iterative process that 
depends on starting values for the parameters of the model being provided.  
The parameter values were re-estimated and improved until the error sum-
of-squares changes less than some specified amount. The Gauss- Newton, 
Method was used.  Since scatter plots of the studentized residuals appeared 
to indicate homogenous variance for most equations tested with our data. 
Each model was fitted with data for each species in the data set in order to 
use fitted parameters for each species - model combination to determine the 
most appropriate model for Tozi forest. 
Two statistics were used to compare the performance/fit of the selected 
linear and nonlinear models: Coefficient of determination (R2) and the mean 
square of the error (MSE).  R2 is the ratio of the explained variation to the 
total variation (Spiegel, 1981).  The best regression model is the one giving a 
coefficient of determination close to one or brings the greatest coefficient of 
determination among all (Milton and Arnold, 1986).  
MSE (the mean squared error) in statistics, of an estimator is one of many 
ways to quantify the difference between values implied by a kernel density 
estimator and the true values of the quantity being estimated. MSE is a risk 
function, corresponding to the expected value of the squared error loss or 
quadratic loss. MSE measures the average of the squares of the "errors."   
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CHAPTER FIVE  
Results and Discussion 
5.1. Results of the Linear Regression:   
The examined relationships between measurable parameters (total height 
and diameter at breast height) were expressed by the formulas shown in 
table 5.1 for Acacia seyal and table 5.2 for Balanites aegyptiaca.   
5.1.1 Fitting of linear regression models to Acacia seyal: 
The presented results for all models of linear regression equations for the 
data of  A. seyal showed a positive, weak coefficient of determination (R2= 
0.12 -0.34 ) and significant (p= <.0001) relationship between total height 
and diameter at breast height. The results will be given separately for each of 
the seven models.  
a) Equation 1: Total height with diameter:  
This simple linear regression relationship resulted in low coefficient of 
determination (R2=0.27).  The regression coefficient indicates that there was 
an average increase of about 0.19 m in total height associated with an 
increase of one centimeter in diameter. 
 b) Equation 2: Total height with diameter and squared diameter: 
Results of the polynomial regression had small value of (R2 0.33).  The 
regression coefficient indicates that an average increase of about 0.20   and a 
decrease of about 0.0006 m in total height are associated with an increase of 
one centimeter in diameter and one square centimeter in diameter 
respectively.  
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Table 5.1 Height\diameter linear Equations of A. seyal.  
Model 
No 
Dependant 
variable 
Independent 
variable 
Equation 
Probability 
Pr>f 
R2 MSE 
1 h d Th =3.35  +  0.19 d <.0001 0.27 4.16  
2 h d, d2 Th = 3.27  +0.20 d-0.0006   d2       <.0001 0.33 3.82  
3 1/h 1/d 1/h= 0.15 +0.54  × 1/d <.0001 0.12 0.008   
4 h Logd Th= 1.46  +1.71 logd <.0001 0.12 5.09  
5 Logh Logd Logh=0.83  + 0.35  logd <.0001 0.17 0.10  
6 Logh 1/d Logh=1.85 - 2.21×1/d <.0001 0.14 0.11  
7 h 1/d,d2 Th=5.54  -6.61 ×1/d+0.004  d2 <.0001 0.34 3.83  
 
c) Equation 3: Reciprocal of total height and reciprocal of diameter             
Result of the simple linear regression analysis showed low value of (R2 
=0.12). The regression coefficient indicates that an average increase of about 
0.54 m in reciprocal of total height is associated with   an increase of one 
centimeter in reciprocal of diameter.  
 d)Equation 4: Total height and log diameter: 
Result of the simple linear regression analysis appears weakest value with   
(R2  =0.12). The regression coefficient indicates that an average increase of 
about 1.71 m in total height is associated with an increase of one centimeter 
in log diameter.    
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e)Equation 5: Log total height and log diameter: 
 In the simple linear regression the presented statistic result showed    (R2 
=0.17). The regression coefficient indicates that an average increase of about 
0.35 m in log total height is associated with an increase of one centimeter in 
log of diameter.       
f) Equation 6: Log of total height and reciprocal of diameter: 
Result of the simple linear regression analysis showed small value of (R2 
=0.14) .The regression coefficient indicates that an average decrease of 
about 2.21   m  in log of total height is associated with an increase of one 
centimeter in reciprocal of diameter.       
g) Equation 7: Total height, reciprocal of diameter and square diameter:  
 In this polynomial relationship, the presented result of the statistics showed 
low value of coefficient of determination (R2=0.34).  The regression 
coefficient indicates that an average decrease of about 6.61 m and an 
increase of about 0.004   m in total height are associated with an increase of 
one centimeter in reciprocal of diameter and one centimeter in square 
diameter respectively. 
All these models have low ability for predicting total height and poor fitting 
of the model. 
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5.1.2. Fitting of linear regression models to B. aegyptiaca:  
 The test of A. seyal models was followed by the B. aegyptiaca testing 
models, and the chosen models used to fit the relationship between total 
height and diameter in B. aegyptiaca also produced similar results for all the 
models. Their results of R2 were a little higher than the results of R2 for A. 
seyal which was shown above.   
 All these equations, the statistics are displayed in table 5. 2.  The summary 
of the results is as follows:  
a)Equation 1: 
 In this equation the result of the simple linear regression analysis showed a 
positive and significant (p=0.0001) relationship and the result of the 
computed statistics presented weak relationship between total height and 
diameter (R2= 0.47).  The estimated parameters indicate that an average 
increase of about 0.16 in total height m is caused by an increase of one 
centimeter in diameter.   
b)Equation 2: 
 Results of the polynomial regression analysis showed a weak (R2=0.47) 
positive and significant (p=. 0001) relationship between total height and 
square diameter; The estimated parameters indicate that an average increase 
of about 0.23 m and a decrease of about 0.002 m in total height is caused by 
an increase of one centimeter in diameter and one centimeter in square 
diameter   respectively.  There was a convergence in the results between 
equation (2) and equation (1) and they were good in their performance. 
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Table 5.2.  Height\diameter linear equations of B.aegyptiaca. 
Model 
No 
Dependant 
variable 
Independent 
variable 
Equation 
Probability 
Pr>f 
R2 MSE 
1 h d Th = 3.21  + 0.16 d <.0001 0.47 3.15  
2 h d, d2 Th = 2.63  +  0.23 d - 0.002 d2 <.0001 0.47 3.11  
3 1/h 1/d 1/h= 0.09 + 1.24 1/d <.0001 0.36 0.006   
4 h Logd Th= -1.59 +  2.82  logd <.0001 0.46 3.21  
5 Logh Logd Logh= 0.39  +  0.49  logd <.0001 0.45 0.09  
6 Logh 1/d Logh= 2.18 -  5.87  1/d <.0001 0.41 0.11  
7 h 1/d , d2 Th= 6.72 - 18.53 1/d+ 0.002  d2 <.0001 0.46 3.17  
 
c)Equation 3: 
 Results of the simple linear regression analysis in this equation showed a   
positive, significant (p=.0001) and weak relationship between reciprocal of 
total height and reciprocal of diameter and the model was associated with 
low performance with (R2= 0.36).  The estimated parameters indicate that an 
average increase of about 1.24 m in reciprocal of total height is caused by an 
increase of one centimeter in reciprocal of diameter. This equation had low 
performance in describing this relationship and determining the total height. 
d)Equation 4: 
Results of the simple linear regression analysis showed positive and 
significant (p=.0001) relationship between total height and log diameter and 
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those were weakly correlated. The coefficient of determination for this 
relationship (R2) was 0.46. The regression coefficient indicates that an 
average increase of about 2.82 m in total height is caused by an increase of 
one centimeter in log diameter.  
e) Equation 5: 
Results of the simple linear regression analysis showed a weak, positive and 
significant (p=.0001) relationship between log of total height and log of 
diameter with a relatively low (R2=0.45). The regression coefficient 
indicates that an average increase of about 0.49 in log of total height is 
associated with an increase of one centimeter in log of diameter. 
f)Equation 6: 
Results of the simple linear regression analysis showed a weak, positive and 
significant (p=.0001) relationship between log total height and reciprocal of 
diameter (R2=0.41).  The regression coefficient indicates that an average 
decrease of about 5.87 in log of total height is associated with an increase of 
one centimeter in reciprocal of diameter.  
g)Equation 7:  
Results of the polynomial regression analysis showed a weak, positive and 
significant (p=.0001) relationship between total height, reciprocal of 
diameter and square diameter. The coefficient of determination for this 
relationship (R2) was 0.46. The regression coefficient indicates that an 
average decrease of about 18.53 and an increase of about 0.002  in total 
height is associated with an increase of one centimeter in reciprocal of 
diameter and one centimeter in square diameter respectively.   
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5.2. Results of the non-Linear Regression: 
The second type of models which were used to study the relationship 
between total height and diameter were the non-linear regression models. 
The results of the computed statistics (R2 and MSE) of the models on the 
available data for estimating total height (H) and the estimated coefficients 
are given for the two species in tables 5.3 and 5.4.  These results are 
confirmed by the residual graphical analyses.  The residuals distributions, 
resulting from plotting residuals versus predicted total height are shown in  
Appendix  A, figures A1 - A4. 
5.2.1. Fitting of non-linear regression models to Acacia seyal: 
Tree heights were plotted against corresponding tree diameters as shown in 
figures 5.1- 5.4 and they showed good representation to the non-linear 
relationship for the four models. 
Each of the four models attained higher coefficient of determination (R2) 
compared to the linear regression models. The results of the analysis of the 
four models for A.seyal are given in table 5.3: 
1- The first relationship was expressed by Fewelling and Delomg non-
linear model; strong correlation was found between tree diameter and 
total tree height. This equation   indicates that A.seyal average 
diameter significantly (p<.0001) affects the tree height, where 92% 
non-linearity of the height variation can be explained by the variation 
in tree diameter. 
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Table 5.3:  Analysis of results of selected non-linear regression equations 
tested for A. seyal  
Model 
No 
Dependant 
variable 
Independent 
variable 
Equation 
Probability 
Pr>f 
R2 MSE 
1 h d TH = 1.3 + e( 1.97 - 7.75 ×(1/(d+ 3.69  ))      <.0001 0.92 2.13  
2 h d TH = 1.3 + 1.54 d 0.42  <.0001 0.92 2.13   
3 h d TH = 1.3 + d2 /(0.96 +0.39 d)2 <.0001 0.92 2.13  
4 H d TH = 1.3+d2/( -0.53+ 1.12 d+ 0.14 d2)   <.0001 0.92 2.13  
  
 2- The second model tested was Stoffels and Van Soest(1953) ; Stage 
(1975)  . The results were similar to the above results and show strong non-
linear correlation between tree height and diameter as 92% of the A. seyal 
tree height variation can be explained by average diameter significantly. 
This result indicates that average diameter can be considered as a good 
indicator for estimating tree height. 
3- Strong non-linear relationship was found in Meyer(1940) , Farr et 
al(1989)  and Moffat et al.(1991) model (p<.0001) between tree height 
and diameter as 92% of the variation in tree height can be explained by 
the variation  in the tree  diameter square . 
4- In Curtis (1967) and Prodan (1968) model a strong non-linear 
relationship was found.  Diameter and diameter square significantly 
(R2=0.92 p=<.0001) affect tree height.  
All these results show that tree diameter can be used as an indicator of tree 
height prediction in A. seyal.  
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All These results were confirmed with residuals analysis and they showed 
acceptable results as seen in appendix A1-A4.  
Figures 5.1 -5.4 show the fitting of the four non-linear regression models to 
the Acacia seyal data  
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TH = 1.3 + 2.718 (1.9681- 7.7534 × (1/(D+ 3.6895 )) 
Where: D is the tree diameter (cm) and TH is the total tree height (m). 
Figure  5.1 : Relationship between A. seyal tree height and tree diameter                                                       
at Tozi  Natural Forest Reserve  as expressed by equation (1). 
 
 
 
 
                                TH = 1.3 + 1.5358 D 
0.4163 
Figure    5.2 Relationship between A. seyal tree height and tree diameter                                                       
at Tozi Natural Forest Reserve as expressed by equation (2).  
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                     TH = 1.3 + D
2
/ (0.9638+0.3977D)
 2 
   Figure    5.3 Relationship between A. seyal tree height and tree diameter                                                       
at Tozi Natural Forest Reserve as expressed by equation ( 3 ). 
 
 
 
 
 
TH = 1.3+D
2
/ (-0.5264+ 1.1174D + 0.1395 D
2
) 
Figure 5.4: Relationship between A. seyal tree height and tree diameter                                                       
at Tozi Natural Forest Reserve as expressed by equation (4). 
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5.2.2. Fitting of non-linear regression models to Balanites aegyptiaca: 
The graphing of the total height versus diameter is presented in figures 5.5-
5.8.  The same equations which were used for testing the relationship 
between total height and diameter for Acacia seyal were used for B. 
aegyptiaca.   The results of the efficiency of these four models are shown in 
table 5.4 which demonstrates the equations and the statistics of all models. 
Table 5.4 indicates that results   similar to those of A. seyal were found.  
They showed larger value of R2 (= 0.93) and p (=.0001) in all models.  This 
indicates the strong and significant relationship found between total height 
and diameter and that 93% of the variation in tree height can be explained by 
the variation in the tree diameter. 
The above results of the models were confirmed by the residuals 
distributions presented in appendix B, showing acceptable results. 
Table 5.4:  Analysis of results of selected non-linear regression equations 
tested for B. aegyptiaca  
Model 
No 
Dependant 
variable 
Independent 
variable 
Equation 
Probability 
Pr>f 
R2 MSE 
1 h d TH = 1.3 + e ( 2.91- 47.39 ×(1/(d+18.43  ))     <.0001 0.93  3.11   
2 h d TH = 1.3 +  0.91 d 0.59  <.0001 0.93 2.89   
3 h d TH = 1.3 + d2 /(2.11 +0.32 d)2 <.0001 0.93  2.93  
4 h d TH = 1.3+d2/(-4.07 + 2.61  d+0.07d2)       <.0001 0.93  2.88   
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                            TH = 1.3 + 2.718 (2.9056 - 47.3934 ×(1/(D+18.4291 )) 
Where:  D is the tree diameter (cm) and TH is the total tree height (m). 
 Figure 5.5 Relationship between B.aegyptiaca tree height and tree diameter 
at Tozi Natural Forest Reserve as expressed by equation (1). 
 
 
 
 
 
   
                           
                                  TH = 1.3 + 0.9056 D 0.5891 
Figure 5.6 Relationship between B. aegyptiaca tree height and tree diameter   
at Tozi Natural Forest Reserve as expressed by equation (2). 
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                        TH = 1.3 + D2 / (2.1065 +0.3215 D)2 
Figure 5.7 Relationship between B. aegyptiaca tree height and tree diameter   
at Tozi Natural Forest Reserve as expressed by equation (3). 
 
  
 
 
 
 
                       TH = 1.3+D2/ (-4.0650 + 2.6105 D+0.0668D2)        
Figure 5.8 Relationship between B. aegyptiaca tree height and tree diameter 
at Tozi Natural Forest Reserve as expressed by equation (4).  
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5.3 Discussion: 
The results of the study showed that the 4 non-linear models have  the best 
performance and are suitable for fitting the data and describing the 
relationships between total tree height and diameter of the two studied 
species and that the diameter is strongly correlated with the total height.  All 
four models have good predictive abilities to estimate the value of the total 
height.  The statistical analysis indicates that the four models are equally 
well fitted to the tree height-diameter data of the two species.  The residual 
distributions were acceptable. 
On the other hand the seven linear regression equations tested for Acacia 
seyal did not show good performance.  Equations 3 and 4 had the worst 
performance and poorest fitting to the data and the variables had the worst 
performance.  They did not give satisfactory results in describing the height- 
diameter relationship, i.e. these equations cannot describe the relationship 
between diameter and total height correctly.    
The test of linear regression equations to B.aegyptiaca showed relatively 
acceptable performance in describing the relationship and the calculated 
results are slightly better than these of Acacia seyal. 
It is obvious that the non-linear models are better to estimate the total height 
based on diameter at breast height and well describe the height-diameter 
relationship in this study; as they have the best fitting to the data. These 
height- diameter non linear models have proved to perform well for other 
tree species such as jack pine, white spruce in northern Ontario.  
Although the four models had good performance in describing the 
relationship between total tree height and diameter and they have similar 
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results in both tree species according to the criteria mentioned above, but the 
most suitable model to estimate total height for A.seyal and B.aegyptiaca 
was the Stoffels and Van Soest(1953) and Stage (1975) model based on its 
simplicity and its speed in total height prediction . 
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                                         CHAPTER SIX  
Conclusions and Recommendations 
6.1 Conclusions: 
In this study the fitting of linear and non-linear regression models were 
tested for Acacia seyal and Balanites aegyptiaca tree species in Tozi Natural 
Forest Reserve.  Seven linear regression models were tested for each of the 
two tree species.  It was found that the relationship between diameter at 
breast height and height is weak.  When the diameter at breast height was 
squared, it gave better results, but the relationship remained weak.  
Reciprocal diameter and log diameter were also used to determine the total 
height, but showed low ability to predict it.  The tree diameter significantly 
affected tree height in all these models. 
 Analysis of the seven linear models showed that these models did not fit the 
data well and did not provide acceptable estimates for diameters.  Based on 
these findings one cannot rely upon these models in describing the 
relationship between diameter at breast height and total height for A.seyal. 
The same linear regression models were used for B. aegyptiaca and the 
relationship between diameter at breast height and total height was only fair, 
though diameter significantly affected total tree height.  
As a further step some selected non-linear regression models were used.  
These models led to satisfactory results for both A. seyal and B. aegyptiaca. 
There was a strong relationship between diameter at breast height and square 
diameter from one side and total height from the other side.  Diameter and 
square diameter significantly affected total tree height. This means that 
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prediction of tree height can be precisely achieved by tree diameter and 
square diameter at breast height.  
The results showed that tree diameter is a very good indicator for tree height. 
All selected non-linear models were suitable to describe the relationship 
between diameter at breast height and total height.   
This study used diameter at breast height in it is different forms as 
independent variable to predict total height. This variable (diameter at breast 
height) is an easily measureable variable in forest inventories.  The presence 
of suitable models makes the forest inventories less costly and helps in 
calculating the growing stock volumes more easily when diameter at breast 
height data is available.   
It is worth mentioning that the use of tree diameter in height-diameter 
relationship is very important because change in tree height is always 
accompanied by change in tree diameter. 
6.2 Recommendations: 
 According to the objectives of this study: 
· It is recommended to use any of the four selected non-linear models to 
predict total tree height based on diameter at breast heights when 
carrying out forest inventories in A. seyal or B. aegyptiaca forest 
stands in Tozi natural forest reserve. 
· These non-linear models should be validated through testing in other 
forest reserves.  By so doing it is expected to carry out forest 
inventories using these models with high precision and low costs. 
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· It is recommended to use growth and yield models rather than volume 
and yield tables as inventory tools, as models can easily be tested and 
validated.  This is due to the simplicity of applying the models and the 
easiness of predicting yields. 
· Further research is needed on the chosen models to evaluate their 
performance with various trees species including some tree 
characteristics (such as crown size and position), stand variables (such 
as age, site productivity and tree density), and silvicultural treatment 
(such as thinning, pruning and fertilization). 
· More investigation is required to compare the goodness of fit of the 
studied models with the other existing height-diameter models. 
· It should be noted that this system of height-diameter equations was 
fitted to the database from specific geographic location. Thus, these 
functions should first be validated for trees growing in various 
locations. 
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Appendix A: 
 
 
 
 
 
 
 
 
  Figure A.1. Residual distribution of the model of   Fewelling and Delomg 
for A.seyal. 
 
 
 
 
 
 
 
 
Figure A.2 .  Residual distribution of the model of   Stoffels, Van Soest and 
Stage  for A.seyal. 
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Figure A. 3. Residual distribution of the model of   Meyer, Farr et al. and 
Moffat et al for A.seyal. 
 
 
 
 
 
 
 
 
 
 
 
Figure A.4. Residual distribution of the model of Curtis and Prodan   for 
A.seyal. 
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 Figure B.1.  Residual distribution of the model of  Fewelling and Delomg 
for  B.aegyptiaca . 
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Figure B.3.  Residual distribution of the model of   Meyer , Farr et al. and 
Moffat et al for B.aegyptiaca .  
 
 
 
 
 
 
 
 
 Figure B.4. Residual distribution of the model of Curtis and Prodan   for   
B.aegyptiaca. 
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